Abstract. The high correlation between the canopy stomatal uptake and ozone deposition velocity is found to be strongly dominated by their diurnal variations. By averaging observed variables over the daytime periods to remove the correlations simply due to their individual diurnal variations, we found that the ozone deposition velocity is highly correlated with the buoyancy flux during the daytime. As canopy stomata are closed at night, the ozone deposition velocity is found to be related to the friction velocity. Interpretation of the derivation of the ozone deposition velocity, expressed in terms of the traditional three resistances, is reanalyzed to explain the role of the turbulence strength in the ozone deposition velocity. We find that the resistance r c is the dominant resistance for the ozone deposition, not only due to the ozone uptake through biophysical processes, but also due to its role in the turbulent ozone transport.
Introduction
Monin-Obukhov (M-O) similarity theory states that within the surface layer (or the inertial sublayer), stationary and horizontally homogeneous turbulent flux of a trace gas, and the vertical gradient of the mean gas concentration are related through a stability function, eke(z/L) [Monin and Obukhov, 1954] . Here z is the observational height in the surface layer and L = -(OvU,3)/(tct7w ' O'v) is the Obukhov length, where O v is the virtual potential temperature, tc is the von Karman constant, t7 is the gravitational constant, w is the vertical velocity, u, is the friction velocity, and w' 0'v is the buoyancy flux in the surface layer [Garratt, 1992; Kaimal and Finnigan, 1994] . Based on M-O similarity theory, the turbulent flux can be obtained with known mean variables in the surface layer by vertically integrating the stability function, the(z/L), leading to the bulk formula Fc = CV(co-c,).
(1) Kristensen et al. [1997] .
In this study, we focus on the relative importance of turbulent transfer of ozone and the ozone surface removal mechanism to the ozone deposition velocity. The relationship between the ozone deposition velocity and all related variables is derived in section 2. The field data used in this study are described in section 3. The ozone deposition velocity and its correlation with turbulent fluxes are investigated separately for day and night in section 4. The conclusions are presented in section 5.
1/V d = r a + r b + r c. (9)
The above derivation indicates that the sum of the resistances r a and r b is equal to the resistance for the sensible heat transfer between z and Zh (6), where r a is the resistance for heat or ozone transfer fromz to Zo and rb is the resistance from z o to z h. Because the distance between z and z o is much larger than that between z o and Zh, ra is larger than %. The resistance r6 can be negative if Zo is smaller than Zh ( 
•B -1--In (zdzh) ----•u,rh.
Here B-• is commonly called the sublayer-Stanton number [Owen and Thomson, 1963] ; z o is the roughness length for momentum, which is the height where the extrapolated wind following the M-O wind profile vanishes; and z h (z c in (1), where c = 0) is the thermal roughness height for heat, which is the height where the extrapolated potential temperature equals the aerodynamic temperature 6, Owing to the assumed similarity between the ozone concentration and the potential temperature, Z h is also the height where the extrapolated ozone concentration equals the aerodynamic ozone [03o].
•h is the vertical integral of the stability function for heat rkh.
Substituting (6) into (4), we can write
Interpretation of the Three Resistances
The ozone deposition velocity has been commonly considered as the ozone transport in three vertical layers: (1) transport by atmospheric turbulence between the observational level and the top of the canopy layer (actually the effective height Zh) (%); (2) mixing by atmospheric turbulence through the canopy layer and by molecular diffusion through the molecular sublayer of the leaf and ground surfaces (%); and (3) physical capture or chemical reactions at the canopy and ground surfaces (rc). Based on the derivation of (9), the interpretation of these three resistances can be further clarified.
The connection between the resistances is demonstrated in this subsection.
2.2.1. Resistance r a. As shown in the derivation of (9), the turbulent transfer of ozone is assumed to be analogous to that of heat, not that of momentum. Sometimes, % is estimated Since the surface radiation temperature is usually the only surface temperature available in observations and numerical models, the aerodynamic temperature is sometimes replaced by the surface radiation temperature in the bulk formula. In this situation, Z h is the height where the M-O similarity temperature profile equals the surface radiation temperature . Since the surface radiation temperature is not uniquely defined [Norman and Becker, 1995] , Zh is sometimes chosen as the roughness length for momentum z o, which is easier to determine [Huband and Monteith, 1986 ; J. Sun, submitted paper, 1999]. Then the aerodynamic potential temperature is the air temperature at Zo following the M-O temperature profile, and the resistance % in (9) is zero. Under this situation, the sum of the resistances ra and % still represents the resistance for heat transfer, but between z and Zo rather than between z and Z h. In consequence, the aerodynamic ozone concentration ([030] in (5)) is the ozone concentration at Zo instead of Zh, and the value of the resistance rc changes correspondingly. However, the fundamental physics for the derivation of the three resistances remains intact, i.e., the analogy between the ozone turbulent transfer and the turbulent heat transfer, and M-O similarity theory (more in section 2.2.3).
The derivation of (6) and (8) The concentrations of NO and NO2 were less than 2 and 10 ppb, respectively [Arcado, 1991] . Therefore ozone can be treated as a trace gas, and the analogy between the ozone and heat transport in section 2.1 is valid [Lenschow, 1982 
that including /'bm through •<B -• ((13)-(15)) does not change the variance of the ozone deposition velocity explained by the resistance r c (notice here rc = /'cm at night). This result further proves that by choosing z h --Zo, then rt, as defined in (8) is not necessary. In addition, z h is more ambiguous to define than z o.
The turbulent fluxes of moisture, sensible heat, carbon dioxide, and ozone are strongly correlated to the momentum flux due to wind shear generation of turbulence at night (Figure 3 ). Higher turbulent transport of ozone leads to larger ozone deposition velocity, and smaller ozone resistance. Therefore the high correlation between the friction velocity and the total ozone resistance (1/v•) (R = 0.87) indicates that the turbulence strength controls the downward transport of ozone at night. The significant nighttime ozone deposition also indicates that surface ozone uptake other than the stomatal uptake during the daytime plays an important role in the downward ozone transport. Ozone is a highly reactive gas and is efficiently captured when it reaches the ground surface or canopy surfaces due to intermolecular forces between leaf cuticles or soil surfaces and ozone molecules [Businger, 1986] . (Table 2) . As the energy source of all the turbulent fluxes, the ozone deposition velocity is also highly correlated with the downward solar radiation (SWI in Table 2 ). Figure 1 has its diurnal cycle. Correlations between any two variables are partly due to their physical connections and partly due to their independent connection to the variation of the solar radiation. Blind correlations between any two variables with diurnal cycles can always lead Table 2 may not reveal the physical mechanism of the ozone deposition. In order to investigate the physical connection between the ozone deposition velocity and the fluxes, the diurnal variation of all the variables in Table 2 is removed by averaging the variables over the daytime hours, and the daytime averaged ozone deposition velocity is then correlated with the daytime averaged fluxes in Table 2 . Due to elimination of individual time series with large random flux sampling errors, and instrument errors, measurements of some variables in Table 2 The poor correlation between the daytime-averaged ozone deposition velocity and the daytime-averaged CO2 flux in Table 2 implies that the variation of the daytime-averaged ozone deposition velocity between days is not correlated with the variation of the stomatal activity. The high correlation between the half-hourly ozone deposition velocity and the half-hourly CO2 flux in Table 2 The variation of the buoyancy flux between days is mainly due to two irrigation events during the field campaign. The buoyancy flux was small when the field was wet. Because the soil moisture in the root zone was not seriously depleted when the ground was dry, substantial stomatal stress was not observed. Therefore the variation of the daytime-averaged buoyancy flux only implies the variation of the strength of the vertical ozone transport, not the variation of stomatal activities.
Daytime

Variations of the ozone deposition velocity between days. Each variable in
In contrast to the half-hourly correlation between the ozone deposition velocity and the downward solar radiation, the correlation between the daytime-averaged ozone deposition velocity and the downward solar radiation is poor, indicating that the incoming solar radiation is not the controlling factor for the ozone deposition velocity. The turbulent ozone transport can be weak if most of the net radiative energy is used for evapotranspiration even though the incoming solar radiation is high. Furthermore, the day-to-day variation of the solar radiation is small in this field program. Rondon 
Conclusions
The data at the vineyard site in CODE demonstrate that the ozone deposition velocity is significantly influenced by the strength of the turbulence transport, which is characterized by the friction velocity at night and the buoyancy flux during the day. The high correlation between time series of the ozone deposition velocity and the stomatal activity is strongly influenced by their diurnal cycles, and the former is only partly related to the latter. The between-day variation of the ozone deposition velocity is not related to the between-day variation of stomatal activity, as indicated by the CO2 flux, but to the between-day variation of the buoyancy flux.
The influence of the turbulence strength on the ozone deposition velocity is dominated by the traditional resistance rc, which is different from the usual interpretation of the threeresistance model ((13)-(15)) for the parameterization of the ozone deposition velocity. The resistance r, is normally formulated as the turbulent transfer for momentum, and the resistance r b is traditionally interpreted as the turbulent transfer through the canopy layer, and molecular diffusion through the molecular sublayer of the leaf and soil surfaces. Our analysis of the traditional derivation of the ozone deposition velocity demonstrates that both r. and rb are related to the turbulent heat transfer in the surface layer since M-O similarity theory used in the derivation is only valid in the surface layer along with extrapolated surface variables.
The turbulent transfer associated with rt, does not represent the true turbulent transfer within the canopy layer or the molecular diffusion through the molecular sublayer of the leaf and the soil surfaces. Instead it refers to the turbulent heat transfer across the distance corresponding to the difference between the roughness height for momentum and the thermal roughness height. The magnitude of the resistance rt, depends on the specification of the thermal roughness height, which can behave erratically if the surface radiation temperature is used.
By definition ((3)-(6)), the difference between the resistance r c and the sum of the resistances r a and rt, is in their numerators. The numerator for r c is the aerodynamic ozone concentration, while the numerator for the sum of r a and rt, is the difference between the aerodynamic ozone concentration and the observed ozone. Since the aerodynamic ozone is always larger than the difference between the aerodynamic ozone and the ozone concentration observed in the surface layer, r c is always much larger than the sum of r a and rt,. As a result, the ozone deposition velocity is strongly dominated by the resistance r c, and in terms of magnitude, the influences of the resistances r a and r t, are generally small.
From the derivation of the three resistances, the resistance r c represents the net effect of the downward turbulent ozone transport in the surface layer, although the strength of the ozone removal can be influenced by canopy stomatal uptake, leaf cuticle uptake, and chemical reactions as traditionally pursued. Therefore the high correlation between the sensible heat flux and the ozone deposition is mainly due to the connection between the sensible heat flux and the resistance r c during the daytime.
